Abstract In this study, we report on the degradation of microcystin-LR (MC-LR) by gasliquid interfacial discharge plasma. The influences of operation parameters such as average input voltage, electrode distance and gas flow rate are investigated. Experimental results indicate that the input voltage and gas flow rate have positive influences on MC-LR degradation, while the electrode distance has a negative one. After 6 min discharge with 25 kV average input voltage and 60 L/h air aeration, the degradation rate of MC-LR achieves 75.3%. H2O2 and O3 generated by discharge both in distilled water and MC-LR solution are measured. Moreover, an emission spectroscopy is used as an indicator of the processes that take place on the gas-liquid boundary and inside plasma. Varied types of radicals (O, ·OH, CO, O3, etc.) are proved to be present in the gas phase during gas-liquid interfacial discharge.
Introduction
The increasing eutrophication of freshwater bodies leads to cyanobacteria blooms. Toxic cyanobacteria can produce several kinds of toxins. Microcystins (MCs), a family of cyclic heptapeptides with many isomerides, are strongly hepatoxic causing liver damage and initiate tumor-promoting activity [1] .
MCs are composed of γ-linked D-glutamic acid (D-Glu), D-alanine (D-Ala), β-linked D-erythro-β-methylaspartic acid (D-Asp), N-methyldehydroalanine (Mdha), and a unique C20 β-amino acid, (2S, 3S, 8S, 9S)-3-amino-9-methoxy-2, 6, 8-trimethyl-10-phenyldeca-4 (E), 6 (E)-dienoic acid (Adda) and two variable L-amino acids. The congener with leucine (L) at position 2 and arginine (R) at position 4 is known as microcystin-LR (MC-LR) [2] . The Adda moiety is critical to the mode of MCs toxicity [3] .
As a hepatotoxin and tumor promoter from the group of microcystins, MC-LR has particularly captured scientific interest of researchers. Traditional physical, chemical and biological technologies such as flocculation, sedimentation, oxidation and filtration are limitedly effective in the removal of dissolved MC-LR. A variety of novel technologies are currently been tested for MC-LR treatment. Advanced oxidation processes (AOPs) such as ozone, Fenton, photocatalytic decomposition as well as their combinations have received widely attention to degrade MCs [4∼6] . YUAN et al. enhanced the photocatalytic decomposition of MC-LR using TiO 2 with the addition of ferrate [7] . PELAEZ et al. and CHOI et al. investigated the removal of MC-LR by NF-TiO 2 and mesoporous nitrogen-doped TiO 2 with visible light-photoactivation, respectively [8, 9] . SONG et al. proved that ultrasonic irradiation could detoxificate MC-LR effectively and hydroxyl radical was indicated to be responsible for a significant fraction of degradation [3, 10, 11] . ANTONIOU et al. used sulfate radicals generated from activation of the oxidants (peroxymonosulfate and persulfate) to treat cyanobacterial toxins contaminations [12, 13] .
Plasma discharge in the gas-liquid interface is expected to induce good conditions for the oxidation of pollutants. When electrical discharge takes place above water surface in gas, plasma is formed inside humid gas with the corona-streamer or spark spreading over the water surface. The plasma plume is close enough to the liquid, so that it licks the liquid surface, and allows the chemical reactions to take place at the plasmasolution interface [14] . Meanwhile, the strong oxidative compounds such as O 3 , H 2 O 2 , ·OH and O radicals, depending on the gas phase composition formed in the gas phase or at the gas-liquid interface can dissolve into water and degrade organic pollutants [15] . Plasma discharge over surface is proved to be an effective way for organic compounds treatment [15, 16] . However, there is rare research about detoxification of MC-LR adopting gas-liquid interfacial discharge plasma.
The objective of this study was to examine the feasibility of gas-liquid interface discharge plasma to degrade MC-LR. Factors influencing the degradation process such as average input voltage, electrode distance, gas flow rate were investigated. H 2 O 2 and O 3 generated by discharge both in distilled water and sample with MC-LR were measured. Moreover, the emission spectroscopy was used to indicate the processes that took place on the gas-liquid boundary and inside plasma.
Experiment

Extraction and purification of MCs
MC-LR was extracted from frozen blue-green algae powder that was purchased from the Institute of Hydrobiology, Chinese Academy of Sciences. The frozen powder was dissolved in HPLC-grade methanol and mixed by magnetic stirrer for 30 min, then additionally mixed by ultrasonic cell disrupter system (XO-1000D, Sino Tech., Co., Ltd., China) for 20 min. The solution was centrifugal separated in a high speed centrifuge (Avanti J-26XP, Beckman Coulter Inc., United States) for 10 min at 12,000 rpm. The above supernatant fluid was collected and the procedure was repeated for three times. After the pH of supernatant fluid was adjusted to 4, an abundant blue flocculent precipitate appeared after 1 h. After 20 min high speed centrifuge at 12,000 rpm, crude microcystin extracts were obtained. Finally, after methanol evaporation, the supernatant fluid was collected, and then filter through a 0.45 µm membrane. The sample was collected as the MC-LR extract and stored at 4
• C. MC-LR standard sample was purchased from Wuhan Pullan Co., Ltd. The MC-LR was monitored by HPLC (Agilent 1200, Agilent Technologies, United States). The concentration of MC-LR was analyzed at 238 nm with an ultraviolet detector and a C18 analytical column. The HPLC was operated under gradient eluting using mobile phase consisting of 30% acetonitrile, which turned to 40% acetonitrile after 15 min at a flow rate of 1 mL/min. The initial concentrations of MC-LR were 1 mg/L in our study.
Pulsed discharge plasma setup
The water surface discharge plasma experimental setup consisted of a discharge cell connected to a high voltage pulse source (PPCP-S-1-2000-0.4, Environmental Protection Center, China Academy of Engineering Physics). The cylindrical discharge chamber was made of plexiglas with an inner diameter and height of 60 mm and 80 mm, respectively. The electrodes were comprised of disks with 12 pores (inner diameter of 1 mm). Emission spectroscopy measurements were performed in a quartz reactor. Air was serviced as enveloping gases that supplied by an air pump. One disk electrode was placed at the bottom of the discharge cell and covered by liquid, and the other one was placed above the water level. The electrodes were made of stainless steel. When bubbling, air was homogeneously diffuse through the pores of the disk electrode placed at the bottom of discharge cell. As sketched in Fig. 1 , a positive high-voltage was applied to the electrode placed above the surface of water and the water itself served as the ground electrode. The discharge occurred between the pores of discharging electrode and the surface of water, producing various oxidative species. The applied voltage and discharge current were measured using a dual-channel digital phosphor oscilloscope (Tektronix DPO 3014, Tektronix, Inc., United States). The pulse repeat rate was 200 Hz and the reaction temperature was 25
• C. The volume of treated liquid was 50 mL. The concentration of dissolved ozone in sample was determined with the indigo method [17] and the concentration of hydrogen peroxide was determined colorimetrically using the reaction of H 2 O 2 with titanyl ions by the analysis of the maximum absorbance of the yellow peroxotitanium (IV) complex at wavelength λ= 410 nm [18] . All the experiments were repeated three times and the average value were reported. The electrode distance is 1 cm and the air flow rate is 60 L/h. Average input voltage has an important impact on the MC-LR degradation. The degradation rate increases with the increase of input voltage. The reason may be that with fixed discharge repetition, the input energy is in proportion to the input voltage and current. Higher input energy benefits the organic pollutant degradation. Fig. 3 shows the typical waveforms of the applied voltage and current with different average input voltages. According to the waveforms, energy per pulse at each input voltage is calculated. With 25 kV average input voltage, the single pulse energy is 65 mJ. As the average input voltage decreases to 16.7 kV and 7.3 kV, the input single pulse energy decreases to 10 mJ and 3 mJ, respectively. It's obvious to see that, with 25 kV average input voltage, the input energy is higher than that with 16.7 kV or 7.3 kV. With the high-voltage pulse (25 kV and 16.7 kV) input, a displacement current appears first and then a primary discharge current is observed. The first peak current is estimated to be the charging into the capacitance formed by the geometry of the two electrodes. The second peak current is estimated to be the discharge in air space [19] . However, this phenomenon is not observed at low voltage pulse (7.3 kV). In addition, the discharge phenomenon varied with input voltages. A weak corona discharge is observed with low voltage pulse, while a streamer-spark discharge is observed with high voltage pulse discharge.
Effect of gas-liquid interface gap on the degradation of MC-LR
The discharge gap height between the gas phase discharge electrode and the water surface significantly affects the plasma chemistry at the gas-liquid interface. In this section, the effect of gas-liquid interface gap is investigated as the average input voltage is 25 kV and the air flow rate is 60 L/h. From Fig. 4 , it is seen that under the same input average, the decrease of electrode distance benefits the degradation. After 6 min discharge, the degradation rate increases from 61.5% to 75.3% as the discharge electrode decreases from 2 cm to 1 cm. The results agree with the opinion of BOZHKO et al. [20] , they thought that minimizing the length of the interelectrode gap could intensify plasma-chemical reactions in the discharge. Fig.4 Effect of gas-liquid interface gap on MC-LR degradation Fig. 3(a) and (d) represent the voltage and current waveforms under 1 cm and 2 cm discharge gap height with the same input voltages (25 kV), respectively. According to the waveforms, the calculated input energy of single pulse with 2 cm electrode gap is about 7 mJ, which is much smaller than that with 1 cm electrode gap. Moreover, the average electric field strength and power density in discharge decrease with increasing discharge gap. In addition, active species generated by surface discharge dissolve in water through the surface layer, and then react with MC-LR in water. Considering the short lifetime of active species, the active species utilization can be weakened since the longer gap distance prolongs transfer time in gas phase.
Effect of air flow rate on the degradation of MC-LR
In this section, we discuss the effect of air flow rate on MC-LR degradation. The average input voltage is 25 kV and the discharge height is 1 cm. The degradation curves of MC-LR obtained at different air flow rates (60 L/h, 20 L/h and no air bubbling) are shown in Fig. 5 . It is revealed that the degradation efficiency of MC-LR increases with increase of air flow rate.
Fig.5 Effect of air flow rate on MC-LR degradation
In our system, active species are generated in the gas phase above the surface of wastewater. According to the bubble theory of liquid breakdown, when gas is bubbled, there are more initial bubbles in water, it is possible to accelerate electrons in the bubbles directly [21, 22] . However, SATO et al. [23] also pointed out that when gas flow rate was high enough (above 10 L/min), increasing flow rate had no influence (Ar atmosphere) or negative influence (O 2 atmosphere) on pollutant degradation as the gas flow carried away the active species.
Production of H 2 O 2 and O 3
In order to study the effects of active species on organic compounds degradation, the formations of H 2 O 2 and O 3 in MC-LR solution are compared with that in distilled water. The discharge is performed with 25 kV average input voltage, 1 cm discharge height and 60 L/h air bubbling. Fig. 6 displays that the concentrations of H 2 O 2 and O 3 generated by water surface discharge in MC-LR solution are lower than those in distilled water. The results indicate that H 2 O 2 and O 3 are utilized for pollutant degradation. From the chemical point of view, the production of hydrogen, hydrogen peroxide and oxygen is initiated by the bombardment of the water surface by protons [24] . Another possibility is that electrons originate directly from colliding with the water molecules at the gas-liquid interface and direct dissociation of water molecules into H and OH radicals takes place. Oxygen is confined in the upper region of the reactor, where water vapor evaporated from the water is coexisted [15] . Hence, the following reactions are considered to be main sources of active species inside the water.
Emission spectroscopy measurement
In this section, we observe the emission spectra and identify the presence of active radicals produced in the gas phase during the gas-liquid interface discharge. As a simple and sensitive method, the emission spectroscopy is used as an indicator of the processes that take place on the gas-liquid boundary and inside plasma. Fig. 7 shows the emission spectrum recorded above water surface between 200 nm and 1033 nm. And the discharge is performed with 25 kV average input voltage, 1 cm gap distance and 60 L/h air aeration. Fig.7 Emission spectra recorded on the gas-liquid boundary during plasma discharge
The emission spectra reveals that varied types of radicals (O, ·OH, CO, O 3 , etc.) exist in the surface discharge. The radicals identified in the spectrum are similar to those identified in the discharge of gas-liquid interface by THAGARD et al [24] . The detection of OH radicals is carried out mainly by the observation of emission from the excited state of ·OH. From Fig. 7 , we can see that the main emissions of OH radicals are at 267.69 nm, 281.57 nm, 306.26 nm and 566.71 nm.
Weak emissions of O1 (777 nm), O 3 (318.81 nm) and CO (428.02 nm and 480.64 nm) for the discharge on the liquid surface are also detected.
·OH and O 3 are the most important active species generated by plasma discharge in MC-LR degradation. SONG et al. reported that the hydroxyl radicals attacked the Adda benzene ring, substituted and cleaved the Adda conjugated diene structure as well as the peptide bond between Mdha and Ala [3] . During gas-liquid interface discharge, the primary species produced in the gas phase is ozone. It is considered that the OH radicals in the liquid phase are caused either by diffusion of OH radicals existing very close to the surface of the liquid or direct generation from the water in contact with the discharge. Although ·OH production processes are complicated, the principal reactions are considered as follows [25, 26] :
Here O( 1 D) is singlet oxygen being generated by a collisional dissociation and N 2 (A 3 Σ + ) is a metastable nitrogen molecule generated by electron impact excitation.
Moreover, electrohydrodynamic (EHD) flow induced in the liquid by the discharge to its surface enhances the mixing of the long-lived species diffused into the liquid. The liquid-phase EHD flow forms vortices, which cause the liquid mixing [26] .
Conclusion
In this work, we adopt gas-liquid interface discharge plasma to degrade MC-LR and study the effects of operating parameters (average input voltage, electrode distance, and gas flow rate) on degradation. Experimental results indicate that higher average input voltage benefits the degradation of MC-LR due to the higher energy input energy. After 6 min discharge, the degradation rate increases from 61.5% to 75.3% as the discharge gap decreases from 2 cm to 1 cm with 25 kV average input voltage and 60 L/h air bubbling. Meanwhile, the degradation rate increases with increase of the air flow rate. Productions of H 2 O 2 and O 3 generated by discharge in both distilled water and MC-LR solution are measured, and the higher concentration of them in distilled water indicates that H 2 O 2 and O 3 are utilized for MC-LR degradation. Moreover, varied types of radicals (O, ·OH, CO, O 3 , etc.) are proved to be present in the gas phase during plasma discharge.
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